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Abstract In this study, the seedlings of two wheat cul-
tivars were used: drought-resistant Chinese Spring (CS)
and drought-susceptible (SQ1). Seedlings were subjected
to osmotic stress in order to assess the differences in
response to drought stress between resistant and susceptible
genotype. The aim of the experiment was to evaluate the
changes in physiological and biochemical characteristics
and to establish the optimum osmotic stress level in which
differences in drought resistance between the genotypes
could be revealed. Plants were subjected to osmotic stress
by supplementing the root medium with three concentra-
tions of PEG 6000. Seedlings were grown for 21 days in
control conditions and then the plants were subjected to
osmotic stress for 7 days by supplementing the root med-
ium with three concentrations of PEG 6000 (D1, D2, D3)
applied in two steps: during the first 3 days of treatment
-0.50, -0.75 and -1.00 and next -0.75, -1.25 and
-1.5 MPa, respectively. Measurements of gas exchange
parameters, chlorophyll content, height of seedlings, length
of root, leaf and root water content, leaf osmotic potential,
lipid peroxidation, and contents of soluble carbohydrates
and proline were taken. The results highlighted statistically
significant differences in most traits for treatment D2 and
emphasized that these conditions were optimum for
expressing differences in the responses to osmotic stress
between SQ1 and CS wheat genotypes. The level of
osmotic stress defined in this study as most suitable for
differentiating drought resistance of wheat genotypes will
be used in further research for genetic characterization of
this trait in wheat through QTL analysis of mapping pop-
ulation of doubled haploid lines derived from CS and SQ1.
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Introduction
It is known that water is an important environmental factor
and a major limitation for plant growth, development and
yield. Plants usually experience a fluctuating water supply
during their life cycle due to continuously changing cli-
matic factors (Blum 1998; Bohnert et al. 1995; Chaves
et al. 2002; Passioura et al. 1993; Tan et al. 2006). Vari-
ability of resistance to drought within plants belonging to
the same species has not been completely explained. The
responses of plants to water stress depend on plant species,
plant age, phase of growth and development, level and
duration of drought and physical parameters. Differences in
resistance to drought stress are known to exist amongst
genotypes of plant species, e.g. in maize (Martiniello and
Lorenzoni 1985; Lorens et al. 1987), wheat (Winter et al.
1988), and triticale (Grzesiak et al. 2003). Plants develop
different mechanisms (morphological, physiological and
biochemical) which inhibit or remove the harmful effects
of stresses.
Water deficit caused by drought and osmotic stress
effects changes in morphology, water status, gas exchange
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and chlorophyll content which are connected with the onset
of protective mechanisms in the plant (Blum and Ebercon
1981; Mansfield and Davies 1981; Jackson et al. 1996).
Application of polyethylene glycol (PEG) in a hydroponic
solution causes osmotic stress, which results in changes in
the water status of the tissues and a decrease of plant
growth and biomass production (Berkowitz et al. 1983;
Kicheva et al. 1994; P’erez-Alfocea and Larcher 1995;
Grzesiak et al. 2003). Usually drought-resistant genotypes
accumulate more biomass in leaves than susceptible ones
(Kerepesi and Galiba 2000). Leaf water content and gas
exchange are physiological processes very susceptible to
drought stress. Under moderate drought, a decrease in
photosynthesis is generally considered to be the result of
reduced availability of CO2 due to stomatal closure
(Mansfield and Davies 1981). However, when drought is
prolonged, a decrease in photosynthesis is caused by ‘‘non-
stomatal’’ mechanisms. The changes in photosynthetic
activity are connected with membrane damage in meso-
phyll cells, decrease in chlorophyll content, and distur-
bance in synthesis and transport of assimilates (Cornic and
Massacci 1996). Limitations of photosynthesis by stomatal
as well as non-stomatal mechanisms depend not only on
the duration and intensity of drought stress but also on
plant species, stage of plant development, and leaf age
(Berkowitz et al. 1983; Kicheva et al. 1994; Passioura et al.
1993).
A decrease in net photosynthetic rate under water stress
is also related to disturbances in biochemical processes of a
non-stomatal nature, caused by oxidation of chloroplast
lipids and changes in the structure of pigments and pro-
teins. Drought stress causes an increase in the content of
reactive oxygen species (ROS) (Dhanda et al. 2004; Li
et al. 2004; Miller et al. 2010; Rauf et al. 2007; Shao et al.
2005a). In response to drought-induced oxidative stress,
plants increase the activity of anti-oxidative peroxidases or
glutathione reductase (Gill and Tuteja 2010; Miller et al.
2010; Neill et al. 2002). In photosystem 2 (PS2), the
occurrence of ROS is caused by damage to thylakoid
membranes, when electrons from water are transferred to
oxygen. Chloroplasts are very susceptible to oxidative
stress, mainly due to high oxygen concentrations inside
these organelles, which is a result of irradiation generating
singlet oxygen (Baker 1993; Cornic and Briantais 1991).
When water is not available to the leaves in sufficient
quantity, higher water use efficiency (WUE) appears to be
an alternative strategy to improve crop performance (Araus
et al. 2002). WUE may be modified, not only through a
decrease in stomata conductance but also through an
increase in photosynthetic capacity.
Osmotic adjustment in plants subjected to water deficit
may occur through an accumulation of low molecular
weight organic solutes. The compatible osmolytes found in
higher plants are soluble carbohydrates and proline. The
accumulation of soluble carbohydrates in plants has been
widely reported as a response to salinity (Ashraf and Harris
2004) and drought (Zhang et al. 2009) in addition to a
significant decrease in the net CO2 assimilation rate. Pro-
line, which is widely found in higher plants, accumulates in
stressed plants in larger amounts than other amino acids
(Ghaderi and Siosemardeh 2011). Proline accumulation is
one of the common characteristics in many monocotyle-
dons under water deficit. Proline regulates the accumula-
tion of useable nitrogen, is osmotically active and
contributes to membrane stability (Bandurska 2000;
Bandurska et al. 2008; DaCosta and Huang 2006; Javadi
et al. 2008). It may also act as a signaling regulatory
molecule able to activate multiple responses that are
components of the adaptation process (Maggio et al. 2002).
The wheat genotype Chinese Spring (CS) used in this
study has been shown to be relatively drought-resistant
(Galiba et al. 1989), and to maintain relatively high yields
under drought field conditions compared to those of the
breeding line SQ1 (Dodig and Quarrie, data unpublished).
CS and SQ1 have been used to make a mapping population
of doubled haploid lines for quantitative trait locus (QTL)
analysis of stress responses (Quarrie et al. 2005). As a
prerequisite for future work on the genetic control of these
physiological and biochemical responses to osmotic stress,
the experiment described here was performed under PEG-
induced osmotic stress on the two parents. The objective of
this experiment was to determine the optimum concentra-
tion of PEG to expose the differences in the physiological
and biochemical traits described above between CS and
SQ1 grown under osmotic stress.
Materials and methods
Plant material
Seedlings of drought-resistant (Chinese Spring, CS) and
drought-susceptible (SQ1) hexaploid wheat (Triticum aes-
tivum L.) were examined in the experiment. The genotype
SQ1 was selected at the Plant Breeding Institute, UK, from
the seventh cross generation (F7) between two wheat
genotypes: Highbury 9 TW269/9/3/4. CS and SQ1 differ
significantly in their physiological, morphological and
developmental traits. In comparison to CS, SQ1 is shorter
with a smaller leaf surface area, and fewer spikes which
have awns (Quarrie et al. 1991).
Experimental design
Grains were disinfected in 96 % ethanol for 1.5 min fol-
lowed by 15 min in 15 % Domestos, before being washed
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4 times in sterile water. Afterwards, grains were germi-
nated on wet filter paper for 3 days. Germinating seedlings
were put into plastic pots containing water with a half-
strength Hoagland solution and maintained in a hydro-
ponics culture in a phytotronic greenhouse for 21 days. The
hydroponic solution was aerated by air pumps. Every day,
the hydroponic medium was supplemented with a fresh
medium and every week, it was completely exchanged with
a fresh medium. After 21 days of growth in control
(C) treatment (0.0 MPa), seedlings were exposed to three
levels of osmotic stress for the following 7 days, namely
mild (D1), moderate (D2) and severe (D3). For these
treatments, osmotic stress was applied with PEG 6000
dissolved in half-strength Hoagland medium in two steps:
first, from day 1 to 3, the osmotic potentials in treatments
D1, D2 and D3 were -0.50, -0.75 and -1.00 MPa,
respectively, and second from day 4 to 7: -0.75, -1.25
and -1.5 MPa, respectively. The seedlings of each geno-
type were grown until the fourth leaf was fully expanded.
Measurements and analysis
Gas exchange parameters (Pn, E, gs) were measured using
a CIRAS 2 analyzer (PP System), chlorophyll content was
measured with a SPAD CL 01 meter (Hansatech) and
leaf osmotic potential with a psychrometer HR 33T
(WESCOR). Measurements of gas exchange and chloro-
phyll content were taken on first, third, fourth and seventh
day after applying osmotic stress in eight replications (8
leaf seedlings grown in 4 hydroponic containers). On the
last day of osmotic stress, plant height, length of roots,
fresh weight (FW), fresh weight at full turgor (TW) and dry
weight (DW) of stem and roots were measured in order to
determine relative water content {RWC = (FW - DW/
TW - DW) 9 100} according to Slatyer (1967). Seedling
samples were also collected on that day for the determi-
nation of leaf osmotic potential, level of lipid peroxidation
(MDA), contents of proline and soluble carbohydrates.
Osmotic potential
The measurements were taken using the mode of ‘‘dew
point’’ by microvoltmeter (model HR-33T with C-52 sam-
ple chambers, Wescor Inc., Logan, Utah, USA). Leaf discs
([ = 5 mm) were collected for analysis from the middle
part of leaves and were placed in an Eppendorf tube, frozen
in liquid nitrogen and stored at -70 C. During the mea-
surement, leaf samples were thawed at room temperature
and the sap from leaf discs was extracted with a syringe and
quickly transferred to a leaf chamber. The time needed for
the saturation of leaf chambers was set to 40 min. The
measurements for each genotype were taken in the dew
point mode at room temperature in five replicates.
Lipid peroxidation
Measurements of lipid peroxidation (the concentration of
malondialdehyde, MDA) were taken according to Dhindsa
et al. (1981). 1 g of fresh leaves was ground in 5 ml of
0.5 % trichloroacetic acid (TCA) and centrifuged (1,000g)
for 15 min. The mixture containing 1 ml of the supernatant
and 4 ml of 0.5 % thiobarbituric acid (TBA) in 20 % TCA
was heated at 100 C for 30 min and then cooled to room
temperature. The specific absorbance (at 532 nm) of the
extract (relative to the background absorbance at 600 nm)
was detected. The concentration of MDA was expressed
in lM g-1 FW (fresh weight of leaves), using a molar
extinction coefficient equal to 155 9 105 mM-1 cm-1.
Soluble carbohydrates
Sugar content was analysed spectrophotometrically accord-
ing to Dubois et al. (1951) with modifications. About 5 mg of
lyophilized and homogenized samples were extracted in
1.5 ml of 96 % ethanol for 15 min. Then the samples were
centrifuged at 21,000g for 15 min and 40 ll of supernatant
was transferred to 10 ml test tubes containing 400 ll of
deionised water. After that, 400 ll of 5 % phenol and 2 ml of
concentrated sulphuric acid were added. Samples were
incubated for 20 min and transferred to 96-well plates. The
absorbance was measured at 490 nm. The level of carbohy-
drates was expressed in lg g-1 DW (dry weight of leaves).
Proline
Proline content was measured spectrophotometrically
according to Ting and Rouseff (1979) with modifications.
About 5 mg of lyophilized and homogenized samples were
extracted in 0.5 ml of 3 % 5-sulphosalicylic acid for
15 min. Then, the samples were centrifuged at 21,000g for
15 min. The clear supernatant (200 ll) was transferred to
polypropylene screw cap vials and 200 ll of concentrated
formic acid and 400 ll of 3 % ninhydrin reagent in
2-methoxyethanol were added. Samples were heated for
0.5 h at 100 C in a water-bath, and then transferred to
96-well plates. The absorbance was measured at 514 nm on
a micro-plate reader. The level of proline was expressed in
lg g-1 DW (dry weight of leaves).
Statistical analysis
The experiment was performed according to a completely
randomized design. Standard errors of means were calcu-
lated for all gas exchange parameters. Data were analysed
using ANOVA and Duncan’s multiple range test at
p \ 0.05 with the statistical package STATISTICA 9.0
(Stat-Soft, Inc., USA).
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Results
Gas exchange parameters and chlorophyll content
Changes in gas exchange parameters (photosynthesis rate
Pn, transpiration rate E, stomatal conductance gs), water
use efficiency WUE and chlorophyll content SPAD in CS
and SQ1 genotypes were observed during days 1–7 of the
experiment and are compared as a percentage of the
control (Figs. 1, 2, 3, 4, 5). On the first and third day of
stress, differences between the drought-resistant (CS) and
drought-susceptible genotype (SQ1) for all treatments (D1,
D2 and D3) were not high. Comparable decreases in the
values of Pn and E rate were observed for CS and SQ1 after
the next 4 and 7 days (Figs. 1, 2). Values of gs differed
depending on the genotype, the day of the treatment and
also the interaction between them (Table 1; Fig. 3). On the
fourth and seventh day of stress, gs decreased more for CS
than SQ1 for all treatments. On the third day, the WUE for
CS was higher than for SQ1 for all treatments (Fig. 4). On
the fourth day of stress, the opposite changes were
observed; namely the increase of WUE was greater for
SQ1 than for CS. On the last (7th) day of stress, WUE
decreased more in SQ1 leaves than CS leaves for all
treatments (Fig. 4). Chlorophyll content (SPAD) for SQ1
was slightly higher than for CS on the third and fourth day
of stress and maintained this level up to the seventh day of
stress (Fig. 5).
ANOVA analysis of gas exchange parameters and
chlorophyll content (Table 1) showed significant differ-
ences between CS and SQ1 for all parameters, both under
control and three concentrations of PEG 6000. Variation
amongst treatment duration (day 1–7) was significant for
Pn, E, gs, and SPAD, but for WUE only under severe
osmotic stress (D3). Interactions between genotype and
treatment duration were highly significant under both
control and all stress treatments for gs, but among other gas
exchange parameters only for Pn and WUE under the
conditions of moderate stress treatment D2.
Plant height, root length, leaf and root relative water
and MDA content and leaf osmotic potential
Plant height and root length, leaf and root relative water













1 3 4 7 day
Fig. 1 Changes in photosynthesis (Pn) in CS and SQ1 wheat
seedlings after 1, 3, 4 and 7 days of growth in three levels of osmotic
stress (D1, D2 and D3). Data are presented as percentage of control













1 3 4 7 day
Fig. 2 Changes in transpiration rate (E) in CS and SQ1 wheat
seedlings after 1, 3, 4 and 7 days of growth in three levels of osmotic
stress (D1, D2 and D3). Data are presented as percentage of control














1 3 4 7 day
Fig. 3 Changes in stomatal conductance (gs) in CS and SQ1 wheat
seedlings after 1, 3, 4 and 7 days of growth in three levels of osmotic
stress (D1, D2 and D3). Data are presented as percentage of control
















1 3 4 7 day
Fig. 4 Changes in water use efficiency (WUE) in CS and SQ1 wheat
seedlings after 1, 3, 4 and 7 days of growth in three levels of osmotic
stress (D1, D2 and D3). Data are presented as percentage of control
(C). Error bars indicate SE (n = 16)
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were determined only after 7 days of osmotic stress.
Osmotic stress slightly decreased plant height only in the
case of D3 treatment of SQ1 and CS genotypes in com-
parison to control (Fig. 6a). Root length of the CS seed-
lings grown in D1 treatment increased significantly in
comparison to the control, and decreased in the case of D2
(about 40 %) and D3 (about 20 %) treatment (Fig. 6b). In
treatments D2 and D3, significant differences between CS
and SQ1 were also observed in leaf and root RWC (Fig. 7a,
b). RWC of CS leaves decreased about 10 % after D2 and
D3 treatment in comparison to the control and RWC of
SQ1 leaves was on the same level. The highest decrease
(double in comparison to the control) of leaf osmotic
potential was noticed in CS under D2 treatment (Fig. 8a).
MDA concentrations in leaves showed the greatest differ-
ences between CS and SQ1 under D1 osmotic stresses
(Fig. 8b), although it should be noted that with the increase
of stress level, a higher content of MDA was observed in
CS than in SQ1.
Contents of proline and soluble carbohydrates
Osmotic stress-induced accumulation of proline in leaves
(Fig. 9a), and proline concentration was comparable in
response to osmotic stress both for CS and SQ1, although
it was more visible in the case of D2 treatment. Under
osmotic stress, carbohydrate concentrations tended to
increase as the level of stress increased, though the increase















1 3 4 7 day
Fig. 5 Changes in chlorophyll content (SPAD) in CS and SQ1 wheat
seedlings after 1, 3, 4 and 7 days of growth in three levels of osmotic
stress (D1, D2 and D3). Data are presented as percentage of control
(C). Error bars indicate SE (n = 16)
Table 1 F-ratios and significance levels of the measured gas
exchange traits: photosynthesis (Pn), transpiration (E), water use







Pn C 28.5*** 3.4* 0.6
D1 15.4*** 7.0*** 0.6
D2 9.7** 33.5*** 3.3*
D3 5.8* 77.0*** 0.2
E C 6.7* 2.9* 1.1
D1 7.6** 7.1*** 0.9
D2 18.1*** 13.7*** 1.5
D3 6.3* 18.2*** 0.9
WUE C 10.2** 0.7 2.2
D1 21.4*** 0.3 2.0
D2 25.6*** 1.2 3.6*
D3 16.8*** 3.9* 2.3
gs C 57.5*** 1.0 6.5***
D1 95.3*** 15.3*** 16.6***
D2 109.1*** 20.0*** 30.0***
D3 93.4*** 35.4*** 15.4***
SPAD C 82.0** 41.2** 0.2
D1 62.7** 28.9** 0.4
D2 70.1** 24.0** 1.3
D3 87.0** 31.0** 1.6
* Significant at the p = 0.05
** Significant at the p = 0.01














































Fig. 6 Plant height (a) and root length (b) of CS and SQ1 wheat
seedlings after 7 days of growth in three levels of osmotic stress (D1,
D2 and D3). Values are mean ± SE (n = 3). Mean values followed
by the same letter are not significantly different (p = 0.05)
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carbohydrate concentrations between CS and SQ1 were
significant only for D3.
The ANOVA interaction terms genotype 9 stress
treatment and genotype 9 treatment duration (Tables 1, 2)
were used to identify the most appropriate stress treatment
for future research. Despite highly significant differences
between genotypes and parameters investigated, all the
interactions between genotypes and stress treatments
(D1, D2, D3) were significant. Thus, stress treatment
highlighted the optimum differential between CS and SQ1,
though interactions between genotype and treatment dura-
tion were greatest for the medium stress treatment D2
(Table 2).
Discussion
We found that osmotic stress affected gas exchange
parameters, chlorophyll content, seedlings morphology,
water status, osmotic potential, lipid peroxidation, pro-
line and soluble sugar contents in drought-resistant and
drought-susceptible wheat genotype. Grzesiak et al. (2006)
suggested that a major physiological reason for suscepti-
bility differing between drought-susceptible and drought-
resistant triticale and maize genotypes was the more
efficient protection of tissue water status in resistant geno-
types through greater decreases in stomatal conductance,
and thus in the transpiration rate, compared with susceptible
genotypes. Our results confirmed these observations and
revealed higher decrease of gas exchange parameters on
fourth and seventh day of PEG treatment for resistant CS in
comparison to the more susceptible SQ1. At the same time,
water use efficiency (WUE) was higher for this genotype.
CS genotype showed a higher decrease in chlorophyll
content (measured in SPAD units) than SQ1 in all three
stress level treatments. There were also significant differ-
ences between treatment days, although the interactions
between genotypes and drought treatment were not signif-
icant. The results are in agreement with Mafakheri et al.
(2010) and Nyachiro et al. (2001) who described a signifi-
cant decrease in total chlorophyll caused by water deficit in
three chickpea cultivars and in six Triticum aestivum cul-
tivars, respectively. A lower or unchanged chlorophyll level
during drought stress has been reported in other species,
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Fig. 7 Leaves (a) and roots (b) relative water content (RWC) of CS
and SQ1 wheat seedlings after 7 days of growth in three level of
osmotic stress (D1, D2 and D3). Values are mean ± SE (n = 3).






















































Fig. 8 Leaf osmotic potential (a) and content of malondialdehyde
(MDA) (b) of CS and SQ1 wheat seedlings after 7 days of growth
in three levels of osmotic stress (D1, D2 and D3). Values are
mean ± SE (n = 3). Mean values followed by the same letter are not
significantly different (p = 0.05)
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depending on the duration and severity of the drought
(Mafakheri et al. 2010). A decrease in total chlorophyll with
drought stress implies a lowered capacity for light har-
vesting. Since the production of reactive oxygen species is
mainly driven by excess energy absorption in the photo-
synthetic apparatus, this might be avoided by degrading the
absorbing pigments (Mafakheri et al. 2010; Esfandiari et al.
2008). Lawlor and Cornic (2002) suggested that actual plant
water status in leaves depends on the osmotic conditions of
cells and transport of water from the shoots. During the
inhibition of water transport from the root, osmotic regu-
lation may actively influence water potential in assimilating
tissues and limit the detrimental effects of water deficiency
on photosynthesis. Adaptation to low water potential was
observed in sunflower under mild water stress in compari-
son to non-acclimated plants subjected directly to severe
drought, in which full inhibition of photosynthesis occurred
(Cornic and Fresnau 2002; Medrano et al. 2002). According
to the cited authors, osmotic regulation in leaf tissue is
responsible for such an impact of drought on photosynthesis
by directly influencing stomatal regulation and adaptation
of the photosynthetic apparatus. Stomatal (during mild
drought) or non-stomatal (during severe drought) mecha-
nisms are responsible for the decrease in photosynthesis
under water deficit conditions. Grzesiak et al. (2006) com-
pared the influence of osmotic stress simulated by mannitol
solutions from -0.01 to -2.45 MPa to changes in leaf
water potential and parameters of gas exchange in drought-
resistant and drought-susceptible genotypes of triticale and
maize. According to their findings, with the increase in the
concentration of the mannitol solution, the impact of
drought on gas exchange parameters and water potential
was higher for susceptible genotypes than for the resistant
ones. In comparison to resistant CS, there was a decrease in
susceptible SQ1 of upper ground seedlings growth with the
increase in concentration of PEG. The maximum value for
plant height and root length was observed in the control
(without PEG) and the minimum value was observed in
SQ1 roots under D3 treatment. Other researchers, including
Singh (2000), Rakesh et al. (1998), Khan et al. (2002) and
Rauf et al. (2007) conducted similar studies and showed that
growth of wheat seedlings was affected significantly by the
change in water stress level. Osmotic stress induced by PEG
6000 caused a decrease in relative water content (RWC) in
leaves and roots of drought-resistant CS under D2 and D3,
compared to control and D1 treatment as well as susceptible
SQ1. There were no significant differences in RWC of SQ1.
These results are in agreement with Yagmur and Kaydan
(2008) who also observed a decrease of RWC in hexaploid
triticale when drought has been induced by PEG 6000. The
greatest decrease (as much as twice the percentage of the
control) of osmotic potential was observed in CS genotype
in D2 treatment. Lower values of the osmotic potential lead
to the conclusion that the resistant genotype has adapted to
drought through effective osmoregulation (Hura et al.
2010). According to Hura et al. (2007), during osmotic
stress induction by PEG, CS genotype displayed a capa-
bility for osmoregulation, which enabled it to maintain a
relatively high volume of turgor protoplasts and high
activity of the photosynthetic apparatus. Moreover, osmo-
regulation enables a high water content to be maintained in
the leaf which, in turn, causes a decrease in the activity of
the photosynthetic apparatus. It has been found that PEG
treatment could induce alternative electron transport
processes (e.g. Mehler reaction), thereby preventing the
over-reduction of electron transport components of the
photosynthetic apparatus. We observed that SQ1 genotype
had lower lipid peroxidation measured as MDA content
than CS under all D1, D2 and D3 treatments and displayed
higher membrane integration under osmotic stress.
MDA is a common and important index for evaluating
the redox status of wheat. Lower MDA content means
higher antioxidative ability, reflecting higher drought
resistance as suggested by Shao et al. (2005a) and Dhanda
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Fig. 9 Content of proline (a) and carbohydrates (b) in leaves of CS
and SQ1 wheat seedlings after 7 days growth in three levels of
osmotic stress (D1, D2 and D3). Values are mean ± SE (n = 3).
Mean values followed by the same letter are not significantly different
(p = 05)
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genotypes tested clearly responded to water deficiency
differently. This further implied that different wheat
genotypes had discrete water stress thresholds (Shao et al.
2005b). Therefore, resistant CS has a different physiolog-
ical adaptive mechanism to regulate its redox status from
the more susceptible SQ1. Osmoregulation is usually
considered to be the critical factor under water deficient
conditions. Peroxidation of lipids can disturb the assembly
of the membrane, causing changes in fluidity and perme-
ability, alterations of ion transport and inhibition of meta-
bolic processes (Catala´ 2006). Peroxidation can also
greatly alter the physicochemical properties of membrane
lipid bilayers, resulting in severe cellular dysfunction and
biosynthesis of MDA. A lower MDA content in CS shows
its higher anti-oxidative capability, reflecting a higher
resistance to drought in comparison to SQ1, where the
content of MDA increased when osmotic stress increased.
Plants respond to drought stress using different physio-
logical and biochemistry strategies. Some osmolytes such
as proline and soluble sugars are widespread throughout the
plant kingdom. Proline and carbohydrates are the two most
important organic solutes that are accumulated in higher
plants under drought conditions (Changhai et al. 2010;
P’erez-Alfocea and Larcher 1995; Sumera and Asghari
2010). It is well known that free proline level increases in
response to drought (Chorfi and Taı¨bi 2011; Moayedi et al.
2011; Rampino et al. 2006). This was confirmed in our
experiment, where the applied concentration of PEG
caused a higher accumulation of proline under D2 and D3
than under D1 treatment and in the resistant CS than in the
susceptible SQ1 genotype. The accumulation of proline
serves as a depot for energy to regulate redox potentials
(Hong-Boa et al. 2006; Saradhi and Saradhi 1991), and
functions as a hydroxyl radical scavenger (Smirnoff and
Cumbes 1989). Our results showed that concentration of
soluble carbohydrates was higher after D2 and D3 treat-
ments in comparison to the control. CS tended to accu-
mulate more soluble carbohydrates than SQ1, indicating
that there might be a genetic variation in the accumulation
of these compounds. Carbohydrates seem to play a key role
in the integration of plant growth and appear to be part of a
wider mechanism for balancing carbon acquisition and
allocation within and between organs (Farrar et al. 2000). It
has been suggested that under water stress conditions,
soluble sugars can function in two ways which are difficult
to separate, namely osmotic agents and osmoprotectors
(Bohnert et al. 1995; Ingram and Bartels 1996; Yong et al.
2006). As osmotic agents soluble sugars facilitate osmotic
Table 2 Analysis of variance
of the traits measured after
7 days
* Significant at the 0.05
probability level
Trait Source of variation SS df MS F p
Plant height Genotype 16,172 1 16,172 16.781 0.000*
Treatment 17,788 3 5,929 6.153 0.005*
Genotype 9 treatment 2,459 3 820 0.851 0.486
Root length Genotype 1,504 1 1,504 0.312 0.583
Treatment 44,690 3 14,897 3.096 0.056
Genotype 9 treatment 25,151 3 8,384 1.743 0.198
Leaf RWC Genotype 39.4 1 39.4 4.07 0.060
Treatment 139.0 3 46.3 4.78 0.014*
Genotype 9 treatment 101.1 3 33.7 3.48 0.040*
Root RWC Genotype 195.9 1 195.9 36.04 0.000*
Treatment 602.4 3 200.8 36.93 0.000*
Genotype 9 treatment 82.7 3 27.6 5.07 0.011*
MDA Genotype 18.99 1 18.99 461.59 0.000*
Treatment 170.21 3 56.73 1,378.98 0.000*
Genotype 9 treatment 6.44 3 2.14 52.24 0.000*
Water potential Genotype 16.83 1 16.83 65.06 0.000*
Treatment 169.75 3 56.58 218.68 0.000*
Genotype 9 treatment 21.56 3 7.18 27.78 0.000*
Carbohydrates Genotype 182.8 1 182.8 1.85 0.192
Treatment 3,826.9 3 1,275.6 12.90 0.000*
Genotype 9 treatment 767.5 3 255.8 2.59 0.089
Proline Genotype 58.41 1 58.42 11.05 0.000*
Treatment 143.02 3 47.67 9.02 0.004*
Genotype 9 treatment 13.79 3 4.59 0.87 0.000*
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adjustment, as osmoprotectors they stabilize proteins and
membranes, most likely substituting water in the formation
of hydrogen bonds with polypeptide polar residues and
phospholipid phosphate groups.
Conclusion and future prospects
The seedlings of wheat genotypes which were used in this
experiment differed in their morphological, physiological
and biochemical characteristics. In this experiment, the
varying responses to osmotic stress of CS and SQ1 wheat
genotypes were shown, as was their dependency on PEG
concentration and osmotic stress duration. This variation
has a genetic background and confirms the existence of a
genetically determined resistance to water stress among
different crop genotypes. The obtained results indicate that
in the search for the right experimental design for the
investigation of osmotic and drought stress resistance in
wheat, a proper PEG concentration can be found to reveal
the differences between resistant CS and susceptible SQ1
genotypes. This optimum concentration of PEG found in
this study will be used in further research to evaluate the
influence of PEG solution in hydroponics culture with
chosen phytohormones and osmo-protectants, like abscisic
acid, salicylic acid and polyamines on osmotic stress ame-
lioration in CS and SQ1 genotypes and the double haploid
mapping population derived from parents CS and SQ1 in
order to identify QTLs involved in drought resistance.
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